High-quality In 2 O 3 polyhedrons with different morphologies were fabricated and studied as vertical Fabry-Pérot ͑FP͒ microcavities. By using the microphotoluminescence technique, we identified a series of FP resonant modes in such systems, whose energies lie in the visible spectral range and are scalable with the cavity size. Experimental results are in good agreement with full-wave numerical simulations and can be well fitted with a plane wave interference model. Compared with the conventional one dimensional nanowire/nanobelt FP cavities, such vertical FP microcavities have much less optical loss and provide efficient optical modulations, which may find many applications in developing optical devices.
It is known that three dimensional ͑3D͒ singlecrystalline microcrystals with complex multifacets and smooth surfaces have unique potential in optoelectronic microdevices. 1, 2 Synthesis and optical study of these 3D microstructures/nanostructures with flat facets, which can function as both the gain medium and the optical microcavity, have become one of the notable fields in optoelectronics. [3] [4] [5] Some of the typical and important microcrystals, such as pentahedrons, hendecahedrons, etc., which may provide an efficient control of light field in three dimensions have been proposed and discussed theoretically by Wang in 2000. 6 However, these interesting microcrystals ͑e.g., pentahedrons, hendecahedrons, etc.͒ with high crystal quality and smooth surfaces have never been achieved experimentally in any optical materials so far, not to mention their application as optical cavities. As an important functional metal oxide, In 2 O 3 has attracted much attention due to its promising applications in optoelectronics in the visible spectral range. In 2 O 3 nanostructures with different morphologies, such as nanowires, 7, 8 nanobelts, 9 nanosheets, 10 nanoparticles, 11 etc., have been fabricated using various methods. However, most of the synthesized In 2 O 3 nanostructures, 3D nanoparticles in particular, do not have smooth surfaces, high crystal quality, or appropriate sizes, which limited their application as optical devices, especially as optical cavities. It is therefore highly desirable that the above mentioned 3D microcrystals are realized in In 2 O 3 material and the optical modulation in these microcrystals is explored properly.
In this letter, we present the fabrications and optical characterizations of a series of polyhedral microcrystals, shaping from pentahedron to hendecahedron. We demonstrate, both experimentally and theoretically, that such microcrystals are excellent candidates for vertical Fabry-Pérot ͑FP͒ resonators. Compared with the conventional one dimensional nanowire/nanobelt FP cavities, these vertical cavities have much less optical loss and provide efficient optical modulations. As one practical examples of vertical FP resonator, they may have potential applications in optoelectronics.
Single-crystalline In 2 O 3 polyhedrons with different morphologies were synthesized in a conventional horizontal tube furnace. Indium grains ͑with purity of 99.999%͒ were cleaned with absolute ethanol in an ultrasonic bath for 10 min before being loaded into a small quartz boat. The boat was covered with a clean silicon wafer, and then placed in the center of the quartz tube mounted in the furnace. Before heating, high-purity N 2 was introduced into the tube to purge the air inside. After 30 min of purging, the system was then heated to 1000°C for over 60 min with a constant flow of N 2 gas at a rate of 1.0 l/h. After that, H 2 O vapor was introduced into the tube by bubbling N 2 over a beaker of water at a flow of 1.0 l/h. After 60 min of reaction, the system was cooled down to room temperature with a constant flow of N 2 gas. A straw yellow thin layer was found deposited on the Si wafer. The morphology and crystal structure of the products were characterized by scanning electron microscopy ͑SEM, JEOL 6400͒ and x-ray diffraction ͓XRD, D/max-rB diffractometer with Cu K␣ radiation ͑ = 1.54 Å͔͒. Figure 1͑a͒ shows that In 2 O 3 polyhedrons with different morphologies have been successfully prepared in large quantities. The corresponding XRD pattern ͓Fig. 1͑b͔͒ of the samples indicates that the obtained products were pure single-crystalline In 2 O 3 , with the body-centered cubic ͑BCC͒ structure ͑JCPD 89-4595͒. High-magnification SEM images ͓Figs. 1͑c͒-1͑f͔͒ show that the geometrical shapes of the polyhedral microstructures vary from pentahedron to hendecahedron, with sharp corners and edges. The perfect facets and high crystal quality ensure that the In 2 O 3 polyhedrons can be used as optical cavities with high quality factors. In addition, one can easily find scattered polyhedrons with a low density in the region relatively far away from the source material on the silicon substrate. This enables us to study the optical properties of a single vertical microcavity on its native growth substrate. The photoluminescence ͑PL͒ of a single polyhedron was measured by using a confocal microscopic spectrometer ͑JY-Horiba LabRam HR800 UV͒ with submicrometer spatial resolution. A He-Cd laser with an emission wavelength of 325 nm was used as the excitation light source. The spot size of the excitation beam focused onto the sample with a microscopy objective lens ͑40ϫ͒ was about 1 m in diameter. A single In 2 O 3 polyhedron with a height of 1700Ϯ 50 nm ͓SEM image shown in the inset of Fig. 2͑a͔͒ was selected for the investigations of optical behaviors. By focusing the laser spot at the center of the top facet of the selected polyhedron, we observed a broad PL signal in the spectral range of 400-850 nm with clear modulations, as shown in Fig. 2͑a͒ . These distinct modulations correspond to the resonance of optical modes. The origin of the visible emission is mainly attributed to oxygen related defects or indium vacancies. [12] [13] [14] In optical microcavities, the mode spacing ⌬ is given by
where L is the effective length of the cavity, n is the refractive index of the medium, and dn / d is the dispersion relation. For the measured PL emission, the mode spacing between two adjacent sharp peaks ͑N TM =12,13͒ is ϳ39.9 nm. Taking into account the refractive index of 2.03 at the wavelength of ϳ564 nm and Ϫ0.372 for ͑dn / d͒, 7 we obtained an effective cavity length of 1659 nm, which is well consistent with the height of our polyhedron ͑1700Ϯ 50 nm͒. Based on the above analysis, we conclude that a FP type cavity is formed between the top and bottom facets of the polyhedron. Figures 2͑c͒ and 2͑d͒ show the top-view and side-view of a schematic polyhedral In 2 O 3 vertical FP microcavity, respectively. It is intriguing that the FP modes can be clearly identified in such a microcavity with a short effective length, in accordance with previous theoretical analysis. 15 To further understand the mode behavior of the polyhedral vertical microcavity, a simple plane wave model was used to interpret the experimental results. The height of the vertical cavity, D, can be written as D = Nhc / 2nE, where h is the Planck constant, c is the speed of light in vacuum, and N is the interference order. The accurate refractive index n of In 2 O 3 can be obtained from the best fit of the above FP equation, varying N discretely and the height D within the experimental error. A similar fitting process has been applied in the calculation of refractive indices of the ZnO nanowires. 16 The determined refractive indices of the In 2 O 3 polyhedron were fitted by using Cauchy dispersion formula as follows: n = 1.85+ 59 205.92/ 2 . The fitting result ͑solid line͒ is shown in Fig. 2͑b͒ . This is an accurate reproduction for the reported behavior of the refractive index of In 2 O 3 nanowires with a BCC crystalline structure. 7 We then employ finite-difference-time domain ͑FDTD͒ simulations 17 to directly prove the existences of vertical FP modes in such a microcavity. In our simulations, we shine a plane wave normally onto a single In 2 O 3 polyhedron and calculate the forward transmitted beam intensity. The permittivity of In 2 O 3 was chosen to follow the obtained Cauchy dispersion formula, and its height was fixed to 1700 nm. To ensure a fast convergence in the calculations, we add a very small loss to the permittivity of In 2 O 3 . The calculated transmittance spectrum ͓depicted as the lower curve in Fig. 3͑a͔͒ exhibits a series of resonance peaks, whose positions match perfectly the experimental results ͑dashed lines͒. To under- stand the nature of these FP modes, we performed another simulation with the In 2 O 3 polyhedron replaced with a flat dielectric slab with the same refractive index and thickness, and then depicted the calculated results in Fig. 3͑a͒ as the upper curve. We found that the slab model yields similar mode structures, also matching well with the experimental results. The excellent agreement between calculation and experiment demonstrates that the observed resonance modes are indeed FP cavity modes. As an illustration, we plotted in Fig. 3͑b͒ the field distribution on the vertical symmetry plane of the polyhedron structure, obtained by FDTD simulations at the wavelength of 532 nm, corresponding to the N =14 resonance mode. Clearly, a standing wave is formed between two opposite facets of the polyhedron, which unambiguously demonstrates the formation of a FP mode. The PL spectra of In 2 O 3 polyhedrons with different sizes are compared in Fig. 4 . Clearly, the modulation of visible luminescence band depends on the size of the cavity. The mode spacing increases with decreasing height of the cavity, which is consistent with the description of the FP mode spacing equation. According to the wavelength of each resonant mode, the mode numbers for the resonant peaks were calculated by using the above mentioned FP model equation and the experimentally extracted refractive index n. Four series of integers labeling each peak of the spectra shown in Fig. 4 were the obtained mode numbers. These results further verify the validity of the FP vertical cavity model applied in our experiment and the accuracy of the wavelengthdependent refractive indices of the In 2 O 3 polyhedrons fitted by using the Cauchy dispersion formula.
In summary, the In 2 O 3 polyhedrons with high crystal quality, small perfect facets, and different morphologies were fabricated by using a conventional chemical vapor deposition method. FP modes were observed at room temperature by using a spatially resolved spectroscopic technique. The observed FP resonant energies are in perfect agreement with full-wave numerical simulations and can be fitted with a plane wave interference model. Such a vertical microcavity with high crystalline quality may be a good candidate for the development of optical cavity based devices. 
